A new entomopathogenic nematode in the genus Heterorhabditis is described from South Africa, from two singular isolates found 1000 km from each other, from beneath a fig tree and in a citrus orchard, respectively. Morphological and molecular studies indicate both isolates to be the same and a new undescribed Heterorhabditis species. Comparison of sequences of the internal transcribed spacer (ITS) rDNA and the D2D3 region of the 28S rDNA gene with available sequences of other described species within the genus, indicate the two isolates as a new species. Phylogenetic analysis of the sequence data concerned placed the new species, H. noenieputensis n. sp., closest to H. indica and H. gerrardi in the indica-group. The new species, H. noenieputensis n. sp., is distinguished from other species in the genus by a combination of several morphological traits of the males and the infective juveniles (IJs). The new species differs from all other species previously described, as regards the body length of the IJs, except for H. indica and H. taysearae, in which the IJ is smaller. The IJ also differs from that of H. indica in the length of the oesophagus, the body diameter, the length of the tail and the E%. In addition, males of H. noenieputensis n. sp. differ from their closest relative, H. indica, in the position of the excretory pore, SW% and D%; and from H. gerrardi in the length of the oesophagus and SW%. The seventh pair of genital papillae of H. noenieputensis n. sp. are normally developed, while for H. indica they are often branched or swollen at the base, while 8 and 9 are usually absent in both species.
Introduction
Entomopathogenic nematodes of the genera Heterorhabditis and Steinernema are of great importance, as they can be used for the successful control of a wide range of insect pests (Shapiro-Ilan et al., 2002) . Despite belonging to two different families, the Heterorhabditidae (Poinar, 1976) and the Steinernematidae (Filipjev, 1934) , they have adopted the same biological lifestyle. The free-living stage, called the infective juvenile (IJ) or dauer stage, can be found in soils all over the world. The *E-mail: apm@sun.ac.za above-mentioned nematodes are bound in an alliance of mutual benefit with specific symbiotic bacteria, which do not occur freely in nature. The IJ infects the insect host though their natural opening and deposits the symbiotic bacteria, either by means of regurgitation or defecation, in the haemocoel of the insect. In the process of multiplying exponentially, the bacteria kill off the host within a period of 48 h, while the IJ develops into a third-stage feeding larva and into a hermaphrodite in the case of Heterorhabditis, or into either a male or female, in the case of Steinernema. The nematodes concerned are currently commercially produced and sold as formulated products in Europe and the USA. In South Africa, although some research has already been undertaken into entomopathogenic nematodes, they are not yet commercially available.
In South Africa, only a few surveys have been conducted in which the entomopathogenic nematodes found were identified to species level (Malan et al., 2006 (Malan et al., , 2011 Hatting et al., 2009) . Currently, a total of six species has been reported in South Africa, including the steinernematids, S. khoisanae Nguyen, Malan & Gozel, 2006 , S. citrae Stokwe, Tiedt, 2011 and S. yirgalemense Nguyen, Tesfamariam, Gozel, Gaugler & Adams, 2005 . The heterorhabditids include H. bacteriophora Poinar, 1976 , H. safricana Malan, Nguyen, Knoetze & Tiedt, 2008 and H. zealandica Poinar, 1990 . Heterorhabditis bacteriophora was found to be the most frequently occurring species in all surveys that have been conducted in South Africa.
The current number of 17 species for heterorhabditids is relatively low in comparison to the 65 species described for Steinernema on a worldwide basis. During 2000-2005, a total of ten new species were described , with, from 2006 to 2011, a total of 28 new species being identified, of which 20 were of Steinernema and eight of Heterorhabditis. The rapid increase in the rate of description of new species can be ascribed to the use of molecular techniques and to the success obtained in the European and American markets using commercially available species such as S. feltiae (Filipjev, 1934) Wouts, Mráček, Gerdin & Bedding, 1982 and S. carpocapsae (Weiser, 1955 ) Wouts, Mráček, Gerdin & Bedding, 1972 , and success with new isolates, such as S. scapterisci Smart, 1990 and S. riobrave Cabanillas, Poinar & Raulston, 1994 , against specific target insects. In South Africa surveys have aimed at finding and identifying commercially available species to import for local use.
During a random sampling for indigenous entomopathogenic nematodes, an isolate of Heterorhabditis was obtained from a soil sample near the Namibian border in the Northern Cape province of South Africa. A second isolate of the same species were found during a survey of Nelspruit citrus orchards that was undertaken in search of entomopathogenic nematodes with potential to control false codling moth (Thaumatotibia leucotreta), which is a key pest of citrus in South Africa (Malan et al., 2011) . Morphological and molecular studies showed the two isolates to be the same and to represent a new species of Heterorhabditis. The new species is described as H. noenieputensis n. sp. [noo.nee.poo.'ten.sis adj.], on the basis of the molecular and morphological evidence presented herein.
Materials and methods

Nematode collection
Heterorhabditis noenieputensis n. sp., isolate SF669 was collected from beneath a fig tree on the farm Springbokvlei, which is situated close to the Namibian border, near the settlement of Noenieput in South Africa. A second isolate (158-C) of the same species was found during a survey for entomopathogenic nematodes in citrus orchards in South Africa in the Nelspruit area (Malan et al., 2011) . Larvae of Galleria mellonella (L.) (greater wax moth) were used to trap the nematodes from the soil samples (Bedding & Akhurst, 1975) . IJs were maintained in the laboratory by recycling through G. mellonella larvae every 3 months and by harvesting during the first week of emergence (Dutky et al., 1964) . The IJs were stored horizontally in 150 ml filtered water at 148C in 500-ml culture flasks with vented lids, which were shaken weekly.
Morphology
For taxonomic studies, ten G. mellonella were exposed to 200 IJs/insect of the new isolate in each of two 9.0-cm Petri dishes, lined with moistened filter paper and kept in a dark growth chamber at 258C. The G. mellonella larvae died within 2 days after inoculation. First-generation hermaphrodites were obtained 4 days after inoculation and second-generation males and females were collected 6 -7 days after death of the insect. Cadavers in one Petri dish were dissected in Ringer's solution, whereas those in the other were transferred to a modified White trap (Kaya & Stock, 1997) , with the IJs being harvested within the first week of emergence. For direct observation in order to confirm the morphology or variation of certain structures, the different stages were picked live and killed with gentle heat. After being fixed in TAF (2% triethanolamine, 8% formalin in distilled water) (Courtney et al., 1955) , type specimens were processed using the Seinhorst method (Seinhorst, 1959) and mounted in glycerine, using paraffin wax rings to avoid flattening. Measurements were made by means of a compound microscope (Leica DM2000, Leica Microsystems, Wetzlar, Germany) fitted with a digital camera and software Leica Application Suite V3.5.0.
For the morphology of the bursa, males in TAF were transferred to a small drop of lactophenol containing 0.002% acid fuchsin on a glass slide. After 20 min, they were individually transferred to a drop of lactophenol on a glass slide, the tail was removed by using the slanted sharp edge of a syringe needle and the slide covered with a cover slip. By moving the cover slip slightly, using a dissecting needle, the tail was rotated to obtain a ventral view (Nguyen et al., 2004) . A total of 20 males were observed by means of the specified method.
Spicules and gubernaculums were prepared by colouring the males for 2 min in a small drop of lactophenol containing 0.002% acid fuchsin on a glass slide. The nematodes were then transferred to a drop of clear lactophenol and the tail cut from the rest of the body using the slanted sharp edge of a syringe needle. The pieces of nematodes severed from the tail were removed and the tails covered with a cover slip, lightly pressed and moved to free the spicules and gubernaculums from the body. Using this method, a total of 20 males were observed.
For scanning electron microscopy (SEM), hermaphrodites, males, females and IJs were fixed in TAF for a minimum of 3 days, washed three times in 0.05 M cacodilate buffer for 15 min each, and then washed three times in distilled water for 15 min each, after which they were dehydrated in a graded ethanol series (70, 80, 90 and 2 £ 100%). The samples were critical point dried with liquid carbon dioxide, mounted on SEM stubs and sputter coated with 20 nm gold/palladium (66/33%). The samples were viewed with an FEI Quanta 200 ESEM (Duren, Germany), operating at 10 kV under high-vacuum mode.
Molecular analyses
For DNA extraction, the technique described by Nguyen (2007) was used. One hermaphrodite was placed in 30 ml lysis buffer (500 mM MgCl 2 , 10 mM dithiothreitol (DTT), 4.5% Tween 20, 0.1% gelatine and 3 ml of proteinase K (600 mg/ml)) on the side of a 0.5 ml microcentrifuge tube. The nematode was cut into pieces with the sharp side of a syringe needle and frozen for 1 h at 2 808C. The tubes were then incubated in a thermocycler at 658C for 1 h, followed by incubation at 958C for 10 min. After centrifugation for 2 min at 12,000 rpm, the supernatant (20 ml) was transferred to a clean microcentrifuge tube and kept at 2208C.
The 18S (5 0 -TTGATTACGTCCCTGCCCTTT-3 0 ) and 26S (5 0 -TTTCACTCGCCGTTACTAAGG-3 0 ) primers, suggested by Vrain et al. (1992) , were used for amplification of the internal transcribed spacer (ITS) region. For the D2D3 region of the 28S rDNA gene, primer D2F (5 0 -CCTTAGTAACGGCGAGTGAAA-3 0 ) and primer 536 (5 0 -CAGCTATCCTGAGGGAAAC-3 0 ) were used . Primers were synthesized by Integrated DNA Technologies Inc. (Coraville, Iowa, USA). Nguyen's (2007) technique was followed for polymerase chain reaction (PCR) amplification.
Post-PCR purification was undertaken using the NucleoFast Purification System (Macherey Nagel, Waltham, Massachusetts, USA). Sequencing was performed with the BigDye Terminator V1.3 sequencing kit (Applied Biosystems), followed by electrophoresis on the 3730 £ l DNA Analyser (Applied Biosystems, Foster City, California, USA) at the DNA Sequencing Unit (Central Analytical Facilities, Stellenbosch University). Sequence assembly and editing were performed using the software CLC Main Workbench (ver. 6.6.2; http://www.clcbio/ products/clc-main-workbench/).
The GenBank numbers of the ITS and D2D3 region of the 28S rDNA gene sequences used in the phylogenetic analyses are indicated in the phylogenetic trees. Sequences were aligned using ClustalX 1.83 with default options (Thompson et al., 1997) . Distance analysis of the closest taxa (number of base differences per sequence) was conducted in MEGA5 (Tamura et al., 2011) .
The evolutionary history of the ITS and the D2D3 region was inferred using the neighbour-joining method (Saitou & Nei, 1987) . A bootstrap consensus tree was inferred from 1000 replicates. The evolutionary distances were computed using the Jukes -Cantor method (Jukes & Cantor, 1969) . All ambiguous positions were removed for each sequence pair. Evolutionary analyses were conducted in MEGA5 (Tamura et al., 2011) .
Results and discussion
Description of Heterorhabditis noenieputensis n. sp
The specific epithet is derived from the name of the settlement Noenieput, which is situated close to where the species was found on the farm Springbokvlei. Figures 1-4 cylindrical corpus, metacorpus slightly enlarged. The isthmus distinct. The basal bulb pyriform with lumen of the oesophagus with sclerotized valve. Nerve ring surrounding the isthmus just anterior to the basal bulb. Excretory pore well posterior to the basal bulb. Cardia present, protruding into intestine. Excretory pore usually posterior to basal bulb. Testis monarchic and reflexed anteriorly. Vas deferens well developed. Spicules paired without a rostrum, lamina of spicules slightly curved ventrally. Gubernaculum slightly curved ventrally, about half the size of the spicules. Tail conoid slightly curved ventrally, with peloderan bursa. Seven to eight pairs of bursal papillae (bursal rays) present on bursa. From anterior to posterior, pair 1 well anterior from cloaca, with papilla tips extending to bursal rim; pairs two and three in a group anterior to the cloaca, also extending beyond the bursal rim. Pairs 4, 5 and 6 forming a group posterior to the cloaca, extending beyond the bursal rim, with pair 4 aimed outwards laterally. Number of genital papillae from pairs 1 -7 (from anterior end) is unchanged and typical for Heterorhabditis species (Nguyen, 2007) . Observation of papillae of the terminal group of 10 bursas gave the following results: eight with both pairs 8 and the 9 absent; three with pair 8 present and one with one papillae of pair 8 missing.
Hermaphrodite: Body curved posteriorly in an open to closed C-shape after killing with gentle heat, robust, always with many eggs in young females and many eggs and juveniles in mature females. Cuticle smooth under light microscope, but finely annulated under SEM. Head region tapering gently anteriorly, six distinct outwardly curved protruding lips, each bearing a prominent labial papilla. En face view, mouth hexagonal in shape, with two pore-like amphidial apertures. An outer ring of ten cephalic papillae is observable, with two lateral, four dorso-lateral and four ventro-lateral. Stoma with refractile cheilorhabdions, appearing as a circle below the lips. Posterior part of stoma funnel-shaped. Oesophagus with cylindrical corpus. Nerve ring in vicinity of narrowed isthmus, between corpus and basal bulb. Basal bulb prominent with inconspicuous valve, lumen of oesophagus in basal bulb well sclerotized. Opening of excretory pore located posterior to end of oesophagus. Cardia present and well developed. Gonads didelphic, amphidelphic. Vulva in form of a transverse slit, located anterior to midbody on a slightly protruding area. In ventral view, vulva elliptical, encircled by arch-shaped annules anteriorly and posteriorly. Vagina short. Tail longer than anal body diameter, in some cases forming a thickening before ending in a pointed terminus. Slight post-anal swelling present. Phasmid inconspicuous.
Amphimictic female: Similar to hermaphroditic female, but smaller. Vulva non-protuberant, usually covered with exudates or copulation plug after mating. Post-anal swelling less pronounced. Tail does not form a bulbous variation, but is always conoid with a pointed terminus. (Malan et al., 2011) .
Holotype male (mounted) and 20 paratypes each of hermaphrodites, females, males, and many IJs in TAF, isolated from the haemocoel of G. mellonella, are deposited in the United States Department of Agriculture, (table 2) show that H. noenieputensis n. sp. differs from H. gerrardi and H. indica by 9 and 10 base pairs, respectively in the ITS regions. The new species is most divergent from H. zealandica, from which it differs in 178 aligned positions (table 2) . The D2D3 region of the 28S rDNA gene (JX624110) of H. noenieputensis n. sp., flanked by the primers D2F and 536, is characterized by 898 base pairs. It differs from both H. amazonensis and H. indica in only one base pair and differs the most from H. georgiana and H. bacteriophora in eight base pairs. The nucleotide usage of the D2D3 region of the 28S rDNA gene is A ¼ 0.25 230; C ¼ 0.29 130; G ¼ 0.19 400; T ¼ 0.25 860. Pairwise distances also show that the closest related species is H. indica, with only one base pair difference, and the most divergent from H. megidis, from which it differs in 42 aligned positions (table 2) . Heterorhabditis noenieputensis n. sp. also has the six unique base pairs (table 3) , that are present in only in members of the indica-group .
Phylogenetic relationships of H. noenieputensis n. sp. with closely related species inferred from ITS rRNA sequences by using the neighbour-joining and maximum parsimony methods give very similar trees ( fig. 5) . The bootstrap consensus tree included two weakly supported monophyletic groups. In the first, the indicagroup, H. noenieputensis n. sp., H. gerrardi and H. indica comprise a monophyletic group with adequate bootstrap support (89%). The other monophyletic sister group is formed by H. amazonensis, H. baujardi, H. floridensis, H. mexicana, H. taysearae and H. sonorensis, with weaker bootstrap support (85%). The second group, the megidisgroup, was formed by eight other species. Phylogenetic relationships of H. noenieputensis n. sp., with closely related species inferred from the D2D3 region of the 28S rDNA gene sequences by using the neighbour-joining method based on the Jukes-Cantor model, yielded a bootstrap consensus tree with similar topology, but with better bootstrap support for the different groups ( fig. 6 ).
We conclude that the morphological and molecular characteristics that we found are sufficient to regard H. noenieputensis n. sp. as a new species.
Diagnosis and relationships with other species
Heterorhabditis noenieputensis n. sp. can be distinguished from other Heterorhabditis species by a combination of morphological and morphometric traits (tables 4, 5, figs 1 -4). Males of the new species have the typical arrangement of genital papillae for the first seven pairs from anterior to posterior. Pairs eight can be present in 30% of the cases, while pair nine is always absent. In 10% of cases, only one pair of eight is visible on the one side. The males of H. indica differ, in that the seventh pair of genital papillae is often branched or swollen at the base, is variable in form and may or may not reach the bursal rim, while the eighth and ninth pairs of papillae are also usually absent. In the males of H. gerrardi the terminal pairs seven, eight and nine are usually present. In addition, males of H. noenieputensis n. sp. differ from their closest relative, H. indica, in the position of the excretory pore (86 mm versus 123 mm), SW% (231 versus 187) and D% (90 versus 121), and from H. gerrardi in the length of the oesophagus (95 mm versus 103 mm) and SW% (231 versus 183) (table 4).
The hermaphrodite of H. noenieputensis n. sp. differs from that of H. gerrardi in the outwardly protruding lips, a characteristic it shares with H. indica. The tails of the new species differ from all other species in that the tail of the hermaphrodite forms a thickening before ending in a pointed terminus.
The third-stage IJ of H. noenieputensis n. sp. differs in body length (536 mm (484-578) ) from all other Heterorhabditis spp., except for H. taysearae and H. indica which have body lengths of 418 mm (332 -499) and 528 mm (478 -573), respectively. The body length of the IJ of H. noenieputensis n. sp. shows an overlap with that of H. indica, but also differs from H. indica in the length of the oesophagus (106 mm versus 117 mm), the body diameter (23 mm versus 20 mm), the length of the tail (86 mm versus 101 mm) and the E% (113 versus 94) (table 5) . Curiously, the third-stage IJ of both isolates of H. noenieputensis Table 3 . Selected portion of the alignment of D2D3 expansion regions of Heterorhabditis showing an indel fragment with six unique bold-faced base pairs (687-692) in sequences of species in the indica-group.
Species
Sequence 651 687 692 700 Fig. 6 . Phylogenetic relationship of Heterorhabditis noenieputensis n. sp. based on the analysis of the D2D3 region of the 28S rDNA gene, using the neighbour-joining method. The bootstrap consensus tree inferred from 1000 replicates is taken to represent the evolutionary history of the taxa analysed. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test is shown next to the branches. The evolutionary distances were computed using the Jukes-Cantor method. (table 5) . The associated symbiotic bacterium of H. noenieputensis n. sp. differs from that of H. indica and has been described as Photorhabdus luminescens subsp. noenieputensis (Ferreira et al., 2012) , while the bacterium associated with H. indica is P. luminescens subsp. akhurstii (Fischer-Le Saux et al., 1999) .
